Diamond-lonsdaleite-graphite micro-samples collected from peat after the 1908 catastrophic blast in the Tunguska area were studied with scanning (SEM) and transmission electron (TEM) microscopy, NanoSecondary Ion Mass Spectrometry (NanoSIMS) and Х-ray synchrotron technique. The high-pressure carbon allotropes in the Tunguska samples are being described for the first time Attributing this fact to the primary inhomogeneity, and considering the microstructural features such as cracks, deformation of the crystal lattices, etc coupled with high-pressure carbon allotropes association with metals, sulfides and phosphides, and the high ratio of Fe:Ni = 22:1 suggest that the studied samples are meteorite micro-remnants.
Introduction
The extremely powerful Tunguska blast of an unknown extraterrestrial object occurred at June 30, 1908 near the river of Podkamennaya Tunguska (60°54'07"N 101°54'16"E) in an unpopulated part of Siberia, Russia. The blast was estimated to be equivalent to 3-5 megatons of trinitrotoluene (e.g. Boslough, Crawford, 2008) , and it burned and flattened taiga forests over an area >2000 km 2 . The origin of the Tunguska blast was explained by a huge meteorite impact (e.g. Yavnel, 1957; Florensky, 1963; Longo et al., 1994; Serra et al., 1994; Longo, 2007; Gasperini et al., 2007 Gasperini et al., , 2009 Badyukov et al., 2011) or by a comet (e.g. Florensky, 1968 Florensky, a, 1968 Golenetsky et al., 1977; Ganapathy et al., 1983; Zbik, 1984; Nazarov et al., 1990; Hou et al., 1998; Kolesnikov et al., 1999; Rasmussen et al., 1999; Kolesnikov et al., 2003 Kolesnikov et al., , 2005 Gladysheva, 2007) , or by a cosmic body. However, no clear differences between comet and meteorite impacts were established (Dolgov et al, 1973; Nazarov et al., 1983; Hou et al., 2000; 2004; Kolesnikov et al., 2005) . A less-supported concept of a deep plume originating from the lower most mantle, which 'penetrated' the lithospheric plate beneath Siberia and escaped to the atmosphere causing a gigantic blast in the Tunguska vicinity, was recently proposed (Skublov et al., 2011) . Geochemical data from the natural materials in the epicenter of the Tunguska blast sometimes fit well to either a comet blast or meteorite impact (iron or chondritic), in many other cases researchers cannot separate meteoritic characteristics from those that would refer to a comet. The problem of this uncertain interpretation is that no large fragments of meteorite were ever identified in the Tunguska blast area. The interest to Tunguska was renewed a decade ago after new samples were collected in the vicinity of Lake Cheko, which was proposed to be a filled impact crater formed at the time of the Tunguska event (Gasperini et al., 2007) .
The meteorite impact crater hypothesis of Gasperini et al. (2007) was rejected by Collins et al. (2008) . Later Gasperini et al. (2009) provided more evidence that the crater of interest was formed at the time of the Tunguska event.
In this context we continue to study Tunguska samples that are available in the archives of the Institute of Geochemistry and Mineral Physics of the Academy of Sciences (Ukraine), and are using new high-resolution analytical and imagining techniques. These samples were collected and documented in 1978 during scientific expeditions organized and financed by the Academy of Sciences of the former Ukrainian SSR. Using high resolution scanning (SEM) and transmission electron microscopy (TEM), focused ion beam (FIB) technique for TEM sample preparation, Nano-secondary ion mass-spectrometry (NanoSIMS) and synchrotron-based X-ray microfluorescence beam technique, we have studied several small samples of carbon-bearing materials from the Tunguska epicenter.
Previous work
Studies carried out in early 1979-1980's showed that peat samples from the Tunguska site include 'amalgamated' polycrystalline micro-aggregates of diamond, lonsdaleite, graphite and troilite (Table 1) which contain traces of Co, Ni, Cr, Rb, Cs, Sr, Ba, Sc, Zr, Ir, Th, Hf, La, Ce, Nd, Sm, Eu, Tb, Yb, Rb, Fe, S, Si and Al (e.g. Kvasnitsa et al., 1979; 1980; Sobotovich et al., 1980 Sobotovich et al., , 1985 .
While concentrations of La, Ce, Sm, Eu, Tb, Yb and others corresponded to the normal background known for terrestrial rocks, elevated ratios of Ni/Co=26 together with high-pressure allotropes of carbon and troilite were interpreted as possible remnants of a meteorite and products of shock metamorphism (Kvasnitsa et al., 1979 . However, Sobotovich et al. (1985) suggested that the diamond-lonsdaleite carbon allotropes enriched in diverse trace elements are products of the shock metamorphism of the terrestrial graphite available on the Earth's surface during the Tunguska blast or even outside the context of the Tunguska event. Sobotovich at al. (1985) strongly strengthened their conclusions based on the fact that the Ir concentration (0.16 ppm) in the Tunguska diamondlonsdaleite-graphite intergrowths is five times smaller than that in meteorites.
Moreover, in support of Sobotovich et al.'s hypothesis, later Hough et al. (1995) confirmed that chemically robust carbon particles in peat from the Tunguska blast area do not contain any extraterrestrial signatures, because their isotopic signature δ 13 C=-25‰, and δ 15 N=0‰ correspond to those of organic matter.
However, though all mentioned evidences are correct, some uncertainties remain in Sobotovich et al.'s interpretation because the Ir content in the Tunguska diamond-lonsdaleite-graphite intergrowths is about 10 times larger than that in the terrestrial rocks.
Samples and analyses
In this paper we present results of our studies of five fragments of several grains of diamond-lonsdaleite-graphite intergrowths found in peat collected from the Northern peat bog near Kulik's izba situated close to the Tunguska blast epicenter (Fig. 1) . The sample of the peat was selected from the 3m 2 area.
Composition of the peat does not depend on the chemical composition of the underlying rocks, so moss (Sphagnum fuscum) -oligotorf gets minerals from the air as a result of loss of aerosols. Layers of peat, which include the catastrophic layer 1908, depending on the terrain, were collected from a depth of 22-44 cm.
The peat is simply stratified, which helps to identify a layer of peat from the year 1908. This peat layer is strongly enriched in silicate and magnetite spherules.
The 1908 peat layer near the Northern peat bog is located at a depth of 39-42 cm below the surface; the thickness of the layer is up to 3 cm; unfortunately the age data were not available from that site.
Minerals included in the peat layer of 1908 were separated by washing.
The peat was soaked in enamel containers and the organic component was removed. The total amount of the concentrate was 73 grams, 14 grams of which were gray concentrate. The latter was divided into five heavy liquid fractions. In one of the heavy fractions a few solid grains 0.2-0.8 mm in diameter were found.
X-ray study of these grains showed that they are diamond-lonsdaleite-graphite intergrowths (Table 1 ). In this fraction numerous small colorless and green grains of moissanite were identified. They are moissanite polytypes a-SiC 15R and a-SiC 6H respectively (Kvasnitsa et al., 1979) .
Each fragment (<0.5mm) of the diamond-lonsdaleite-graphite intergrowths is black with a dull surface luster. They are represented by apographitic impact diamonds that are formed on micro-aggregates of graphite (not on single crystals of graphite). Three fragments of such diamondlonsdaleite-graphite intergrowths were studied with SEM and two of them with TEM followed by NanoSIMS and Х-ray synchrotron technique.
The SEM studies were performed at the Institute of Geochemistry, Mineralogy and Ore Formation of NAS, Kyiv, Ukraine, using a JSM-6700 F instrument equipped with an energy dispersive X-ray system JED-2300 (JEOL, Japan).
The TEM studies were performed at GFZ, Potsdam, Germany using a The samples for TEM study, ultrathin foils of dimension ca. 15x10x0.2 micrometer, were prepared using the single beam FEI FIB 200 focused ion beam (FIB) device at GFZ Potsdam. Six foils were cut from two different samples.
The details of the FIB methods are described elsewhere (e.g. Wirth, 2004 Wirth, , 2009 ). Synchrotron-based X-ray microfluorescence (SXRF) images of the sample were acquired from Beamline X27A of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (Upton, NY, USA) (Ablett et al., 2006) . This bend-magnet beamline uses Kirkpatrick-Baez (K-B) mirrors to produce a focused spot (7 by 14 m) of hard X-rays with tunable energy achieved via Si (111) or Si (311) channel-cut monochromator crystals. For SXRF imaging, the incident beam energy was fixed at 11.5 keV to excite all target elements simultaneously. The sample was oriented 45° to the incident beam, and rastered in the path of the beam by an XY stage while X-ray fluorescence was detected by a 13-element Canberra Ge array detector oriented 90° to the incident beam. Elemental maps were collected from a 0.25 mm fluorescence. Likewise, the sample was supported on a disc of brass (Cu-Zn alloy), and the presence of Cu creates a challenge for the trace detection of Os fluorescence. Also, Cu was detected in the sample itself. An EDS from a pixel with relatively low Ga and Cu counts was extracted from the image for peak fit analysis. For the determination of the relative Fe/Ni ratio, we used a fundamental parameters (FP) approach where the relationship between concentration and fluorescence intensity was determined with standards; FP algorithms were used to correct for matrix effects. The imperfection of such determination is ±0.37 for Fe (wt%) and ±0.02 for Ni (wt%).
Secondary Ion Mass Spectrometry (SIMS) studies

Results
SEM study
The studied fragments are characterized by "chondrule-like" shape with "lamellar-like" platy microstructures (Fig.2) which obliterate the microporosity observed on the samples surface. The secondary electron images (Fig.3) 
TEM study
The area of all studied foils (e.g. Fig.4a ) consists of 99.5 % of carbon minerals. A series of cracks, contortion and fragmentation zones (Fig.4 b, c, d) are observed in the foils; they can be interpreted as traces of shock compression of the samples. Inclusions of other minerals are situated in the vicinity of the shock deformation features.
Carbon allotropes (diamond, lonsdaleite, graphite). In X-ray diffraction pattern analysis a series of broadened scattering intensities indicating the presence of graphite, lonsdaleite and diamond can be distinguished (Kvasnitsa et al., 1979) . The difference in relative scattering intensities indicates that the phases are present in different concentrations, but mostly the frequency of occurrence is in the following sequence: diamond  lonsdaleite  graphite ( Table   1 ). The X-ray study suggests that the average grain size of the phases mentioned above is in the range of 10-100 nm. This is confirmed by dark-field images from the foils (Fig. 4 d) showing fine polycrystalline aggregates composed of grains of the carbon minerals up to 0.5 micron size.
In contrast, electron diffraction patterns of all six foils studied show that they consist of crystallites of lonsdaleite and graphite (Fig. 5 a) Inverse FFT`s of filtered HREM images show the presence of lonsdaleite + diamond on a nanometre scale (Fig.5 b) . EEL spectra show only sp 3 bonding in both diamond and lonsdaleite (Fig.5 c) . Locally the lonsdaleite and diamond layers intersect each other, but mainly diamond crystallites are present as small particles irregularly neighboring the lonsdaleite crystals. The size of the carbon grains varies from 5 to 15 nm, however, occasionally diamond crystallites up to 30 nm, lonsdaleite up to 20 nm and graphite up to 40 nm in size can be observed. For most of the crystals, especially those of graphite, deformation such as bending of the layers, and their discontinuity or dislocations are intrinsic.
Inclusions of FeS (troilite), Fe-Ni (taenite), γ-Fe and (FeNi) 3 P (schreibersite). Numerous inclusions of iron monosulfide of various shape,
dimension and localization were found in each of the foils (Fig.7 a, Cr=1.23; Ni=0.51. We cannot reliably measure Cu concentrations in the sample with EDS-TEM system because Cu X-ray intensity is always present in the spectra caused by the Cu-grid the TEM foil rests on. Troilite often is associates with taenite, γ-Fe and schreibersite nanoinclusions, which are found together within cracks (Fig.8) . Figs. 9a & b show a 500 nm inclusion of FeS with low chromium concentration; the diffraction pattern suggests that this FeS is pyrrhotite (Fig.9 c) . No difference in composition between different aggregates of troilite and their location in the matrix was observed.
Nanoinclusions of taenite (25-50 nm in size) (Fig. 10) have a chemical composition in wt. % (average of 3 measurements): Fe =78.45 and Ni =21.55 (Table 3) . Frequently taenite forms intergrowths (up to 100 nm in size ) with troilite and schreibersite. Taenite aggregations are built of irregular grains and plates. Rare irregular nanograins of γ-iron (a 0= 0.356 nm) are intergrown with taenite (Fig. 11) . Individual grains of schreibersite (Fig. 12) 
NanoSIMS study
Carbon isotope studies from the two analyses of the Tunguska foil showed 
Synchrotron-based X-ray microfluorescence (SXRF) image analyses
Osmium abundance in the Tunguska sample was too low to be detected with synchrotron-based X-ray microfluorescence at Beamline X27A. Thus, its presence measured earlier could not be confirmed. Iridium abundance, albeit very close to the detection limit, was detectable from the sample; a spectral contribution from Ir Lα1 was necessary to accurately model the energydispersive spectrum. The EDS indicates the sample has a Fe:Ni concentration ratio of approximately 22:1 (Fe = 38.90 wt% and Ni = 1.80 wt%).
Discussion and Conclusions
This study shows that the Tunguska samples consist of three allotropes of carbon, diamond > lonsdaleite > graphite with an average carbon isotopic ratio δ 13 C = -15.6 +/-2‰. We observed that nanoinclusions of troilite, taenite, γ-Fe and schreibersite in the carbonaceous matrix associate with cracks, pores, or extend out from single grains of troilite as tiny veins. We speculate that these minerals were formed by impregnation of melt into solid carbonaceous matrix crystallizing during rapid cooling. Therefore, such iron-nickel-sulfide-phosphide mineralization could be the product of condensation of vapor originating from overheated impact melt which penetrated through cracks, pores and into carbon material (former graphite). Bulk chemistry of mineral inclusions in the carbonaceous matrix is close to quadruple eutectics Fe-Ni-S-P with considerable nickel content. This is obvious in most EDS spectra of nanoinclusions (e.g., Fig.   8 ), and it suggests that a mixture of metal, sulfide and phosphide phases, together with their fine intergrowths occurred during rapid cooling.
Crystallization of such an association in the Cape York iron meteorite, for instance (Esbensen and Buchwald, 1981) , occurred at the temperature range 1475-700 o C. The presence of taenite, stable at temperature 1400-920 о С (Kubaschewski, 1982) and γ-Fe in the Tunguska samples suggests their high temperature crystallization, whereas the presence of diamond and lonsdaleite indicates a high-pressure environment. It is well known that nanocrystalline γ-Fe is stable at ambient conditions and does not transform into α-Fe, which is stable at room temperature (Gleiter, 1989) . According to the carbon stability field diagram (Bundy, 1980) graphite can co-exists with diamond at T = 1400-900 o C and P = 7-5 GPa, whereas the stability boundary between diamond-graphite and lonsdaleite are still unknown. Thus, the collected data together with measurements suggests that the studied Tunguska samples most likely represent small remnants of an iron meteorite, which is also strongly supported by the high ratio of Fe:Ni = 22:1 and Ni/Co =26 (Sobotovich et al., 1985) . On the other hand, some controversial data, such as the low Iridium and Osmium contents, which are close to the detection limit, the presence of aragonite and a light carbon (δ 13 C = -15.6 +/-2‰) reservoir might suggest that the precursor of the studied Tunguska samples was terrestrial carbon material (graphite). Although the δ 13 C value of the Tunguska samples is similar to that of some iron meteorites, e.g. graphite nodule of Kendall County hexahedrite (δ 13 C = -13.3 to -14.50 ‰; Wickman, 1973, 1975) , the negligible content of Os and Ir in the carbon matrix would support its terrestrial precursor.
However, ignoring negligible contents of Ir and Os (which may be due to primary inhomogeneity), and taking into account the presence of native metal, sulfide and phosphide (e.g. troilite, taenite, γ-iron and schreibersite) in diamondlonsdaleite-graphite matrix, we conclude that the studied Tunguska samples are microscopically small remnants of a meteoritic body.
The association of high-pressure carbon allotropes, diamond and lonsdaleite, with troilite, taenite, γ-Fe and schreibersite is established for the first time in the Tunguska samples. Almost the same association of minerals was found in iron meteorites of Canyon Diablo, ALHA 74-283, Magura and Chuckwalla (e.g. Ksanda and Henderson, 1939; Lipschutz and Anders, 1961; Carter and Kennedy, 1964; El Coresy, 1965; Anders and Lipschutz, 1966; Heymann et al., 1966; Hanneman et al., 1967; Frondel and Marvin, 1967; Clarke et al., 1981; Garvie and Nemeth, 2009 ) and in many ureilites (e.g. Urey et al., 1957; Lipschutz, 1962 Lipschutz, , 1964 Vdovykin, 1970; Valter et al., 2003; Karczemska et al., 2009) . While diamond and lonsdaleite were considered to be products of the impact, other metallic phases such as troilite, schreibersite, γ-Fe and taenite were described as a typical set of meteoritic minerals. The Fe and Ni contents were acquired with X-ray EDAX system from the FIB-TEM foil.
